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Abstract 19 
Multiwalled carbon nanotubes (MWCNTs) and Vulcan carbon (VC) decorated with SnO2 20 
nanoparticles were synthesized using a facile and versatile sonochemical procedure. The as-21 
prepared nanocomposites were characterized by means of transmission electron microscopy, X-22 
  
 2 
ray diffraction, X-ray photoelectron spectroscopy, and Fourier transform infra red spectroscopy. 23 
It was evidenced that SnO2 nanoparticles were uniformly distributed on both carbon surfaces, 24 
tightly decorating the MWCNTs and VC. The electrochemical performance of the 25 
nanocomposites was evaluated by cyclic voltammetry and galvanostatic charge/discharge 26 
cycling. The as-synthesized SnO2/MWCNTs nanocomposites show a higher capacity than the 27 
SnO2/VC nanocomposites. Concretely, the SnO2/MWCNTs electrodes exhibit a speciﬁc 28 
capacitance of 133.33 Fg
-1
, whereas SnO2/VC electrodes exhibit a speciﬁc capacitance of 112.14 29 
Fg
-1 
measured at 0.5 mAcm
-2
 in 1 M Na2SO4. 30 
KEYWORDS: MWCNTs; SnO2 nanoparticles; Vulcan carbon; Ultrasound; Supercapacitor; 31 
Speciﬁc capacitance 32 
 33 
1. INTRODUCTION 34 
One of the challenges for the current research community is to find low-cost and 35 
environmentally friendly high-power energy resources. The electrical double layer allows for 36 
significant charge storage in the case of high-surface-area materials in contact with an 37 
electrolyte, leading to the so-called supercapacitors, electrochemical capacitors, or 38 
ultracapacitors.[1,2]
 
Supercapacitors have been recognized as an electrical energy storage device 39 
with high power density, fast charge-discharge, and long cycle life as compared to batteries. [3,4]
 40 
Supercapacitors have been significantly figured out by their increasing applications in large 41 
industrial equipments, renewable energy power plants, hybrid electric vehicles, and memory 42 
back-up devices.[5,6] Three main classes of supercapacitor materials have been described in the 43 
literatures, including metal oxide, electronically conducting polymer, and carbon-based 44 
  
 3 
supercapacitors.[7-9] Recently, hybrid supercapacitors have been developed, where an activated 45 
carbon electrode was modified with a pseudo-faradaic material by increasing the capacity.[10] 46 
Of which the most extensively used carbon electrode materials is Vulcan XC-72 due to its high 47 
surface area of 250 m
2
g
-1
. [11,12] In continuation, carbon nanotubes (CNTs) have attracted 48 
research interests as supercapacitor electrode materials and have been extensively studied since 49 
their discovery in 1991. [13] In addition, CNTs have also attracted much attention due to their 50 
potentially useful structural, optical, mechanical, and electrical properties. CNTs have a novel 51 
one-dimensional tubular structure, a narrow distribution of size in the nanometer range with a 52 
highly accessible surface area, low resistivity, and high stability.[14-16] Owing to their 53 
potentiality, they have been applied in many applications, including  ultrahigh-strength fibers, 54 
nanodevices, sensors, and catalyst supports.[17-19] CNTs have also been explored as candidate 55 
electrode materials for energy storage and conversion devices due to their unique structure and 56 
morphology.[20-22] Recent advances have led to the development of versatile chemical 57 
modifications, targeting CNT derivatives with even more striking features. A wide range of these 58 
derivatives have been prepared and fully characterized by exhibiting promising properties for 59 
energy conversion/storage devices, catalysis, and even for electronic nanodevices.[23-25] 60 
On the other hand, nanoscale materials, specifically metal or metal oxide nanoparticles, are 61 
a new class of materials with interesting optical, magnetic, electronic and electrical 62 
properties.[26,27]
 
They have unique physicochemical properties diﬀerent from their 63 
corresponding bulk materials.[28,29] In the context of charge accumulation, various transition-64 
metal oxides have shown to be excellent active materials as electrodes due to their chemical 65 
stability and variable valence.[30] Tin (IV) oxide (SnO2) is an n-type semiconductor with a wide 66 
band gap of 3.6 eV and it has unique properties, such as optical transparency, high electrical 67 
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conductivity, high theoretical capacity (calculated to be 782 mAh g
-1
), and low cost.[31,32] The 68 
combination of CNT and SnO2 may lead to a new hybrid material characterized by the features 69 
of both components.[33] In fact, functional hybrid nanocomposites materials are usually formed 70 
by the combination of two or more materials with different properties, so that these components 71 
work synergistically to deliver complementary characteristics to the new material.[34,35] To the 72 
best of our knowledge, there have been only a few reports about CNT/SnO2 composites for their 73 
application in electrochemical energy storage devices, such as lithium-ion batteries and 74 
supercapacitors.[36,37]
 75 
On the other hand, ultrasound has become an important tool in chemistry because of the 76 
extreme conditions that can be achieved by leading to unique mechanisms and reaction 77 
pathways. In recent years, sonochemistry has been applied in the synthesis of functional 78 
nanoparticles and nanostructured materials. In this methodology, energy is supplied to the system 79 
by irradiation of a liquid with high intensity ultrasonic waves in order to produce regions of 80 
extreme temperature and pressure.[38,39] In fact, the sonochemical approach has allowed to 81 
generate carbon supported nanoparticles with great uniformity while conventional preparation 82 
techniques do not provide sufficient control.[40,41] 83 
In this work, we have prepared a SnO2/Multiwalled Carbon Nanotube (MWCNT) and a 84 
SnO2/Vulcan Carbon (VC) composites via a sonochemical approach. Nanoscale SnO2 particles 85 
were found to be uniformly deposited on the surface of both substrates, VC and MWCNT, and 86 
the electrochemical properties of the as-generated materials were investigated for their 87 
application as supercapacitors. The supercapacitive behavior of SnO2/MWCNT and SnO2/VC 88 
was evaluated in an aqueous by galvanostatic charge/discharge measurement. 89 
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2. MATERIALS AND METHODS 90 
2.1 Chemicals 91 
Tin Chloride (SnCl2) and ethylene glycol were purchased from Sigma Aldrich. Sulfuric 92 
acid, acetone, absolute ethanol, and trichloroethylene from Merck were used as received.  High 93 
pure Vulcan XC-72R carbon was used as received from Cabot Corporation, USA.  Multi-walled 94 
carbon nanotubes (MWCNT) was used as received from CNT Co., Ltd, South Korea. All other 95 
chemicals used were of analytical reagent grade and used as received without further 96 
puriﬁcation. All aqueous solutions were prepared with double distilled water and all glassware 97 
was thoroughly cleaned with aqua regia (3:1 HNO3/HCl (v/v)) and rinsed extensively with 98 
double distilled water before use. 99 
2.2 Sonochemical synthesis of SnO2/carbon hybrid nanoparticles by the Polyol method 100 
The SnO2 nanoparticles supported on carbon nanoparticles were prepared by the polyol 101 
assisted sonochemical method. About 100 mg of anhydrous SnCl2. was dissolved in 40 ml of 102 
ethylene glycol followed by the addition of 100 mg of MWCNT. The resultant solution was 103 
subsequently irradiated with a high intensity ultrasonic horn (Ti-horn, 20 kHz and 100 W/cm
2
) in 104 
air atmosphere for 3 h.  After irradiation the reaction mixture was centrifuged at 10,000 rpm for 105 
10 min and the resulting black powder was thoroughly washed with absolute ethanol several 106 
times for removing unreacted substrates. Finally, the composites was dried in vacuum at 50C 107 
for 24 h to obtain final product (SnO2/MWCNT).[42] Likewise, SnO2/VC composites was also 108 
prepared. For ICP-OES analysis, the stock solutions of the metals were prepared in acidic 109 
solution. A uniform weight of carbon supported nanoparticles were stirred overnight in 3 mL of 110 
concentrated hydrochloric acid and filtered. The filtrates were made up to desired volume and 111 
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were analyzed using ICP-OES.[43] The total Sn content in SnO2 loaded carbon samples were 112 
found to be ~29 wt.%. 113 
 114 
2.3 Characterization 115 
The morphology and particle size were analyzed with a high resolution transmission 116 
electron microscope (HRTEM; JEOL model JEM2010). Energy dispersive X-ray (EDX) analysis 117 
was used to determine the elements present in the nanocomposites. For SnO2/MWCNT and 118 
SnO2/VC, Sn in SnO2 weight-loadings were determined using Prodigy High Dispersion ICP-119 
OES instrument. The crystal structure and phase purity of the final products were confirmed by 120 
powder X-ray diffraction patterns (XRD) recorded with a Philips XPertPro X-ray diffractometer 121 
using the Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) analysis was performed 122 
using a Physical Electronics PHI 5600 XPS spectrophotometer with a monochromatic Al Kα 123 
(1486.6 eV) excitation source. The infrared spectra were recorded employing a Thermo scientific 124 
Nicolet iS5 FT-IR spectrometer.  125 
2.4 Electrode Fabrication and Electrochemical Characterization of the as-prepared Hybrid 126 
Nanomaterials 127 
A supercapacitor electrode was fabricated using high-purity stainless steel (SS) plates as 128 
current collectors. The plates were first polished with successive grades of emery paper, cleaned 129 
with a soap solution, washed with double distilled water, rinsed with acetone, dried and weighed.   130 
The stainless steel substrates (Surface area: 1 cm
2
) were modified with slurry composed of the 131 
as-prepared hybrid nanoparticles (75 wt.%), Vulcan XC-72 carbon (VC, 20 wt.%) and  132 
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PVDF (5 wt. %) in N-methyl-2-pyrrolidone (NMP). The slurry was uniformly distributed on the 133 
surface of the SS electrodes and finally dried in vacuum at 100°C for 12 h.  134 
Electrochemical measurements were carried out with a potentiostat/galvanostat 135 
(AUTOLAB 302 N module) in aqueous 1 M Na2SO4 electrolyte at room temperature. The 136 
supercapacitance studies were carried out in a standard three-electrode cell using the hybrid 137 
nanoparticles coated stainless steel plate as a working electrode, a Pt foil as a counter electrode 138 
and an Ag/AgCl as a reference electrode. The electrochemical performance was evaluated by 139 
cyclic voltammetry (CV) and galvanostatic charge–discharge within the potential range between 140 
0.0 V and 1.0 V vs Ag/AgCl at different scan rates (20, 40, 80, 160 and 320 mVs
-1
).  141 
 142 
3. Results and Discussion 143 
In this article, the sonochemical technique was used to decorate carbon nanoparticles 144 
with highly dispersed SnO2 nanoparticles. The sonochemical technique allows to functionalize 145 
most of the carbon nanoparticles by preventing the formation of aggregates. Additionally, it also 146 
seems to induce a more homogeneous coverage allowing the deposition of a high SnO2 147 
nanoparticle loading without aggregation.[44]
 
This methodology has been employed previously 148 
in the preparation of a number of metal oxides nanoparticles on different substrates.[45-47]
 
Since 149 
EG is a better reducing agent, SnO2/MWCNT and SnO2/VC composites were synthesized by 150 
combining SnCl2, EG, and the carbon substrate under ultrasonic irradiation in aqueous medium. 151 
[48] The oxidation of EG is a two-step reaction so that the interaction of the -OH groups with the 152 
Mn
+
 ions results in the EG oxidation to 2-hydroxyethanal (HO - CH2 – CH = O) in a two 153 
electron process and then to oxaldehyde (O = CH – CH = O) by another two-electron process. 154 
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The released electrons from these oxidation reactions result in the reduction of the M
n+
 to M
0
. 155 
[49,50] A similar mechanism can be envisaged for the reduction of Sn
2+
 and as the reaction is 156 
completed in air, Sn
0
 can be easily oxidized to SnO2.
 
157 
Fig. 1 and 2 show the TEM images of the sonochemically prepared composites based on 158 
MWCNT and VC modified with SnO2 nanoparticles. Fig. 1A and 1B depict the SnO2/MWCNT 159 
composites morphology at different scales, illustrating the absence of nanoparticle aggregates. 160 
The size of the SnO2 nanoparticle (5-8 nm) in SnO2/MWCNT composites and lattice fringes are 161 
clearly visible in the HRTEM image (Fig. 1C), which demonstrates the crystal nature of SnO2 162 
nanoparticles decorated on to the MWCNT. EDX studies detected C, O and Sn signals, 163 
confirming the SnO2 nanoparticles decorated on the MWCNT (Fig. 1D). The main diffraction 164 
lines of SAED have been assigned to (110), (1 1 2), and (2 2 1) planes of the SnO2 phase. (Fig. 165 
1E). Fig. 2 shows TEM images of the as-prepared SnO2/VC composites, which has spherical-like 166 
morphology with diameters in the range of 3-8 nm with higher degree of dispersion of the SnO2 167 
nanoparticles on the carbon surface (Fig. 2A and 2B). In Fig. 2C, EDX spectrum also confirms 168 
well for the formation of SnO2/VC composites. In SAED diffraction lines, (110), (112), and 169 
(221) planes are assigned to the SnO2 phase as shown in Fig. 2D. According to the ring patterns, 170 
it can be concluded that the powder is polycrystalline. 171 
Fig. 3 shows the corresponding XRD patterns for (A) SnO2/MWCNT and (B) SnO2/VC 172 
nanocomposites. In both cases, the basic diffraction peaks of graphitic carbon were observed at 173 
2θ = 26°. This can be attributed to the (002) plane of the graphitic structure (JCPDS No: 75-174 
1621). The other diffraction peaks at 26°, 44°, 53.3°, and 78.8° can be indexed to (110), (112), 175 
(221), and (330) planes (JCPDS No:29-1484 ) of SnO2, indicating the crystal structure of the as-176 
grown SnO2 nanoparticles on both surfaces, i.e. on MWCNT and VC. The basic broad peaks of 177 
  
 9 
Vulcan Carbon XC-72 are also observed at about 26° and 44°. As observed for both the 178 
composites, the main SnO2 diffraction peaks are superimposed on the main graphitic carbon 179 
diffraction peak. Both of SnO2/MWCNT and SnO2/VC possess identical XRD patterns with 180 
broad diﬀraction peaks, indicating the small size of the SnO2 particles.[51]
   
 181 
XPS was performed for SnO2/MWCNT nanocomposites to further confirm the chemical 182 
nature of the SnO2 nanoparticles. The Sn 3d high-resolution spectrum recorded for the as-183 
prepared SnO2/MWCNT nanocomposites shows two main peaks at 486.8 eV and 495.2 eV, 184 
which are characteristic of 3d5/2 and 3d3/2 states of SnO2 (Fig. 4A). The separation between these 185 
two peaks is about 8.4 eV, which is in good agreement with the energy splitting previously 186 
reported for SnO2.[52,53] Fig. 4B shows the C1s high resolution spectrum at 283.6 eV, which 187 
corresponds to the energy of the C1s core level for aromatic rings and the peak at 288.6 eV 188 
corresponding to oxygen carbon (-COO) bonding.[54,55]
 
For comparison, the as-prepared 189 
SnO2/VC nanocomposites were also characterized by XPS (Fig. 5A and 5B), as expected the 190 
characteristics states of Sn in SnO2 and C1s were observed in extended spectrum. Moreover, 191 
there is no peak assigned to other chemical states of Sn, confirming the formation of SnO2 192 
nanoparticles on the surfaces of MWCNT and VC. The binding energy of Sn and C1s had the 193 
same value in both composites. Thus, the XPS results confirm that the heterostructures are 194 
composed of SnO2 and MWCNTs and VC. 195 
In Fig. 6 curves (a) to (d) show FT-IR spectra for (a) VC, (b) SnO2/VC, (c) pristine 196 
MWCNT, and (d) SnO2/MWCNT, respectively. All the spectra are virtually identical. A band at 197 
3438 cm
-1
 can be seen, which is attributed to the O-H stretching vibration of adsorbed water 198 
molecules and surface OH groups. A typical band at 1635 cm
-1
 is assigned to conjugated sp
2
 199 
C=C stretching and the peaks observed at 1740 cm
-1
 and 1070 cm
-1
 correspond to C=O and C-O 200 
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stretching vibrations of the carboxylic groups (–COOH). The absorption bands at 2921 and 2851 201 
cm
-1
 can be attributed to the C-H stretching. More interestingly, in the curves (b) and (d), a new 202 
peak is noticed at 817 cm
-1 
which may be characteristic of the O–Sn–O stretching bonds.[56,57] 203 
Therefore, the FTIR analysis further confirms that SnO2 nanoparticles are decorating on the 204 
MWCNT and the VC surfaces.[58] 205 
 SnO2/MWCNT and SnO2/VC electrodes were characterized by cyclic voltammetry in 1.0 206 
M Na2SO4 solution using a working potential window between 0 – 1 V vs Ag/AgCl electrode 207 
and different scan rates 20, 40, 80, 160, and 320 mVs
-1
 (Fig. 7A and 7B).  No apparent 208 
contribution of any pseudofaradic process was clearly observed in the cyclic Voltammograms 209 
(CVs) for both the nanocomposites. Furthermore, no obvious distortion was observed in the CVs 210 
as the potential scan rate increased. Even at a very high scan rate such as 320 mVs
−1
, the CV still 211 
retains the rectangular shape. The outstanding CV shape at such a high scan rate reveals a very 212 
rapid response that implies not only a high electrode conductivity,[59,60] but also the electrolyte 213 
ions undergo very fast diffusion in the composites.[61] Therefore, we can expect a very low 214 
equivalent series resistance (ESR) for these electrodes in accordance with the vertical rectangular 215 
sides of the CVs.[62] For comparison, Fig. 7C shows the CVs of SnO2/MWCNT and SnO2/VC 216 
nanocomposites electrodes at 320 mV s
−1
. The current of SnO2/MWCNT electrodes is 2 times 217 
that observed for the SnO2/VC composites electrodes. A more rectangular shape for the CVs was 218 
observed for SnO2/MWCNT as compared with SnO2/VC composites electrode, indicating a more 219 
ideal capacitor character.[63]
 
The result could be related with the higher conductivity of the 220 
MWCNT compared to VC. Another possible explanation is that the final electrode 221 
nanoarchitecture of both electrodes is very different. One could expect a more open structure in 222 
the case of MWCNT that could facilitate the electrolyte access. In any case, we cannot 223 
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completely discard a different contribution/coverage of the SnO2 nanoparticles in both 224 
composites.  225 
The electrochemical performance was further studied using galvanostatic 226 
charge/discharge measurements. Fig. 8A shows the galvanostatic charge-discharge behavior of a 227 
SnO2/MWCNT nanocomposites electrode with an applied constant current of 0.5 mA in the 228 
potential range between 0 and +1 V vs Ag/AgCl electrode. For SnO2/VC (Fig. 8B (a)), the 229 
charge/discharge curve exhibits a deviation from a symmetrical triangular shape compared to 230 
SnO2/MWCNT (Fig. 8B (b)), implying that the combination of electrical double layer (EDL) 231 
capacitance with Faradaic capacitance. The specific capacitance (SC, Fg
-1
) of the electrodes can 232 
be calculated from the discharge time using the following equation:[64] 233 
                                                          SC = it/Vm        234 
where SC is the specific capacitance by mass of electroactive material, i is the  current 235 
density (A), t is the discharge time in seconds, ∆V is the potential window (V), and m is the mass 236 
of the electroactive material (g). The speciﬁc capacitance values obtained in this way for 237 
MWCNT, SnO2/VC, and SnO2/MWCNT from the galvanostatic charge/discharge curves are 238 
74.07 Fg
-1
, 112.14 Fg
-1
,
 
and 133.33 Fg
-1
,
 
respectively. The capacitance value (133.33 Fg
-1
) 239 
obtained here is comparatively higher than previous literature values (113 and 93 Fg
-1 
for 240 
SnO2/MWCNT).[65,66] Certainly, MWCNTs can facilitate a fast electron transport maintaining 241 
an open structure with a high surface electrolyte–electrode interface that can facilitate a high 242 
capacity value.[67,68]   243 
         
 244 
Conclusion 245 
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In summary, SnO2/MWCNT and SnO2/VC heterostructures have been synthesized by 246 
employing a sonochemical method. The XRD results, TEM images, and the corresponding EDX 247 
analysis revealed the presence of SnO2 nanoparticles on the surface of the MWCNT and VC. 248 
Further analysis by XPS and FT-IR spectroscopy also confirmed the formation of SnO2 249 
nanoparticles on the carbon surface. The investigation of the electrochemical behavior showed a 250 
rectangular shape for the CVs even at high scan rates of 320 mV
-1
, indicating that the 251 
composites, particularly SnO2/MWCNT, are promising materials for supercapacitor electrodes.  252 
The current observed for SnO2/MWCNT electrodes is two times increases upon compared to 253 
SnO2/VC composites electrodes, due to stability of defective structure and improvement of 254 
charge transfer between SnO2/MWCNT and electrolyte. The specific capacitance of 133.33 Fg
-1 255 
for SnO2/MWCNT electrode from charge–discharge measurement is an indication that the as-256 
synthesized nanocomposites is a potential candidate for supercapacitor application. 257 
 258 
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Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. TEM images of the SnO2 /MWCNT composite (A, B and C) represent images at different 
scales. (D) Energy dispersive spectrum of SnO2 /MWCNT composite. (E) SAED pattern, 
showing both the diffraction rings of SnO2 nanoparticles and diffraction spots of MWCNT 
 
 
 
 
  
 
 
 
 
  
Fig. 2. TEM (A and B), EDX(C) and SAED (D) image of the SnO2 /VC composite 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. XRD pattern of sonochemically prepared composites. (A) SnO2/MWCNT composites. 
(B) SnO2/VC composites 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Fig. 4.  X-ray photoelectron high-resolution spectrum of Sn3d (A) and the high-resolution 
spectra of C1s (B) for sonochemically prepared SnO2/MWCNT composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  X-ray photoelectron high-resolution spectrum of Sn3d (A) and the high-resolution 
spectra of C1s (B) for sonochemically prepared SnO2/VC composites 
 
 
  
 
 
 
 
 
 
 
Fig. 6. Fourier transform infrared spectra of (a) VC, (b) SnO2/VC composite(c) pristine MWCNT 
and (d) SnO2/MWCNT composite. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Fig. 7. Cyclic voltammogram (CVs) of SnO2/VC composites (A) and SnO2/MWCNT composites 
(B) recorded at different scan rates of 20, 40, 80, 160 and 320 mVs
-1
(a–f) in the potential 
window of 0 to 1 V vs. Ag/AgCl in aqueous solution of 1M Na2SO4 electrolyte. (C) CVs of 
SnO2/VC and SnO2/MWCNT composites 1.0 M Na2SO4 at a scan rate of 320 mVs
-1 
 
 
 
 
 
 
  
 
 
 
 
 
 
Fig. 8. (A) Galvanostatic Charge–discharge behavior of the prepared SnO2/MWCNT 
nanocomposites. Fig. 7(B) Charge/discharge curves of (a) SnO2/VC and (b) SnO2/MWCNT in 
aqueous solution of 1 M Na2SO4 at a current density of 0.5mA/cm
2
 between 0 and +1 V vs. 
Ag/AgCl. Area of the electrode: 1 cm
2
 
  
 
Highlights 
 
 Multiwalled carbon nanotubes and Vulcan carbon decorated with SnO2  nanoparticles 
were synthesized using a sonochemical procedure 
 SnO2 nanoparticles were uniformly distributed on both the carbon surfaces were 
identified using TEM analysis 
 The electrochemical performance of the nanocomposites was evaluated by cyclic 
voltammetry and galvanostatic charge/discharge cycling 
 SnO2/MWCNTs electrodes exhibit a specific capacitance of 133.33 Fg
-1
 whereas 
SnO2/VC electrodes exhibit only 112.14 Fg
-1
 
 
